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Introduction
Cyclin-dependent kinases (Cdks) play important roles in proliferation and development 1, 2 , and their activities are deregulated in several types of cancer 3 . Inhibition of Cdk activity as a therapeutic strategy against cancer has been an area of research interest for a long time despite few clinical successes 4, 5 . One of the challenges in using broad spectrum
Cdk inhibitors in cancer therapy, is their presumably deleterious effects on normal tissues in particular the rapidly proliferating cell types such as hematopoietic cells. Understanding the tissue specific effects of Cdk inhibition is essential for developing a framework to test and select chemical Cdk inhibitors that are therapeutically potent with minimal side effects on normal tissues.
Knockout mouse models have proven useful in uncovering the general and tissuespecific functions of Cdks and their partner cyclins. Knockouts of Cdks that regulate the G1/S transition (Cdk2, Cdk4, and Cdk6) demonstrated that they were individually dispensable for cell proliferation but displayed tissue specific roles [6] [7] [8] [9] [10] . This led to investigation of double and triple mutants of Cdks which revealed their overlapping and unique functions 7, 11, 12 . Cdk2 -/-mice are sterile but overtly normal 6, 8 , while Cdk4 -/-mice displayed reduced body size, spontaneous onset of diabetes, and sterility 9, 10 . The combined loss of Cdk2 and Cdk4 led to embryonic lethality around E15 due to heart defects, demonstrating the overlapping roles of Cdk2 and Cdk4 in cardiac development 11 . Cdk2
-/-Cdk4 -/-mouse embryonic fibroblasts (MEFs) displayed decreased proliferation rate, impaired S phase entry, and premature senescence 11 ; all of which were rescued by the loss of the retinoblastoma protein (Rb) 13 . E14.5 Cdk2
-/-Cdk4 -/-embryos are characterized by reduced fetal liver cellularity but the relative percentages of hematopoietic stem and progenitor cells were normal 11 . Importantly, the midgestation lethality of the Cdk2 -/-Cdk4 -/-embryos precludes the investigation of the loss of these Cdk activities in adult definitive hematopoiesis.
In this study, we conditionally ablated floxed Cdk2 in the hematopoietic cells of Cdk4 -/-mice using Cre recombinase driven by the Vav1 guanine nucleotide exchange factor promoter (vavCre) 14 to generate Cdk2 fl/fl Cdk4 -/-vavCre (DKO) mice. The DKO mice were viable and displayed significantly enlarged erythrocytes under homeostatic conditions.
Deletion of Rb rescued the increased size displayed by the DKO erythrocytes, illustrating the role of Cdk2/Cdk4/Rb pathway in regulating the erythrocyte size. Recovery of platelet counts following cytoablative stress was delayed in DKO mice. Our findings uncover important overlapping roles of Cdk2 and Cdk4 in both homeostatic and stress hematopoiesis.
Methods
Mouse generation and analysis.
All mouse work was carried out with approved
Institutional Animal Care and Use Committee protocols at the Biological Research Centre mouse facility at Biopolis, Singapore. Cdk2 +/fl mice (described in the Supplemental methods, Figure S2 ) were crossed with Cdk4 +/-mice 10 , and the resulting heterozygous offspring Cdk2 +/fl Cdk4 +/-trans were backcrossed with C57BL/6 mice to produce Cdk2 -/-Cdk4 -/-embryos were obtained as previously described 11 . Cdk1 fl/fl mice have been described previously 16 . The mice used in this study were of mixed C57BL/6 x 129S1/SvlmJ background. Peripheral blood collected from the submandibular vein was used for complete blood count analysis using a Hemavet 950 FS hematology analyzer (Drew Scientific, CDC-
9950-005).

Stress hematopoiesis studies.
To study the hematocrit recovery after stress, Phenylhydrazine (Sigma, 114715) was dissolved at 6 mg/ml in sterile PBS and injected intraperitoneally at 60 mg/kg on two consecutive days (D0 and D1). Peripheral blood was collected from the submandibular vein on D0, D2, D4, D7, and D10 to analyze the hematocrit recovery kinetics using a MEK-6318K Hematology analyzer (Nihon Kohden). 5-fluorouracil (Sigma, F6627) solution in sterile water (5mg/ml) was administered at a dose of 150 mg/kg intraperitonially on D0 to study the recovery kinetics of hematocrit, WBC counts, and platelet counts following cytoablative stress.
Purification, culture and Flow Cytometry analysis of fetal liver erythroid progenitors.
Fetal livers were isolated from E13.5 Cdk2 -/-Cdk4 -/-and littermate control embryos, followed by purification and culture of Ter119-negative, CD11b-negative erythroid progenitors as previously described 17 . The purified TER119-negative erythroblasts were seeded in fibronectin-coated plates and cultured in erythroid differentiation medium consisting of [18] [19] [20] [21] , were not altered significantly. The levels of Cdk6, cyclin E, and the Cdk inhibitor p27 also remained unchanged. In summary, the DKO mice display significantly enlarged erythrocytes without any signs of accompanying anemia but the DKO bone marrow displayed reduced Rb phosphorylation and decreased expression of E2F target genes such as cyclin A2 and Cdk1.
Since the hematopoietic impairments in DKO mice were erythroid specific, we checked the bone marrow erythroblast populations ( Since homeostatic hematopoiesis was not majorly affected in the DKO mice, we aimed to investigate the hematopoietic recovery after stress. Recovery of the hematocrit in DKO mice after Phenylhydrazine induced hemolytic anemia was similar to age matched controls ( Figure 5A ). Nevertheless, upon a 5-fluorouracil challenge (which destroys all proliferating cells), the recovery of platelet counts was significantly delayed in DKO mice compared to littermate controls ( Figure 5B ), while the WBC counts ( Figure 5C ) and hematocrit ( Figure 5D ) recovered normally. Since the megakaryocyte counts in DKO mice bone marrow were normal ( Figure 2F ), we checked for defects in polyploidization of megakaryocytes in the DKO mice. The DKO megakaryocytes did not display a significant defect in polyploidization under in vitro culture conditions ( Figure 5E ). This indicates that the lack of Cdk2 and Cdk4 does not affect homeostatic platelet counts, but impairs rapid platelet generation during recovery following stress. Next, we investigated the spleen for any changes in extramedullary hematopoiesis to determine whether there was a contribution to the phenotype in DKO mice. No significant change in the size of the spleen was noted ( Figure   5F ), and the fraction of various hematopoietic lineages tested in the spleen, except for orthochromatic erythroblasts which displayed a significant increase, remained unchanged in the DKO mice ( Figure 5G-J) . The proerythroblast fraction was slightly increased in the spleen but the difference was not statistically significant ( Figure 5H ). The mild increase in extramedullary erythropoiesis without significant changes in the other splenic lineages was consistent with the erythroid-specific abnormalities observed in the DKO mice under homeostatic conditions ( Figure 1B) . Finally, we checked whether deletion of Rb can rescue the defective platelet recovery after stress displayed by DKO mice (
Figure 5B BrdU labeling. The cell cycle time (Tc) and length of S-phase (Ts) was calculated from the cumulative labeling index plot as described previously 4, 5 .
and pepstatin 10µg/ml), 50mM ß-glycerophosphate, 4mM NaF and 0.1mM sodium orthovanadate. Lysates were homogenized using a plastic pestle and boiled for 5 minutes.
25µg of whole lysates were resolved by SDS-PAGE, transferred to PVDF membranes and blotted using the following antibodies. Cdk2 affinity purified antibodies have been described 
